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Abstract process zone (FPZ) size and the distribution of
strain, damage and energy consumption within its
A nonlocal smeared-cracking finite element model limits. Efforts in this direction are necessary for
is used to simulate tensile fracture in mortar engineering more efficient cement-based materi-
notched-beam specimens. The nonlocal model als and for improving analysis capabilities. Ad-
resolves the distributions of damage and energy vances in experimental techniques related to FPZ
consumption within the fracture process zone, as ~ measurements®>'® are providing the necessary
well as accounts for variance in fracture energy means for verifying new models. Insight into the
along the ligament length. Results correlate well to micromechanics of fracture is also helping to
experimental and analytical results given by other progress related areas of research, such as the
researchers for fracture over the central portion of  assessment of material performance under
the ligament. However, standard nonlocal averag- extreme environmental conditions.
ing causes excess energy consumption in regions By discretely modeling the basic components at
subjected to high strain gradients. To promote the meso-structural level (i.e. cement matrix,
natural fracture development and realistic energy  aggregate inclusions and interfacial zones)!'~13 it is
consumption near the pre-notch tip, the nonlocal possible to simulate the essential features of con-

averaging process is modified in this vicinity. crete fracture, including the localization process

which accompanies fracture. However, such
Keywords: Concrete fracture, nonlocal modeling, approaches are computationally demanding and
fracture energy, size effect. some of the input parameters needed at the com-

ponent level are difficult to determine, particu-

larly for two-dimensional analyses.!>!* It is

therefore attractive to develop continuum theo-

INTRODUCTION ries which, by virtue of having micromechanical
bases, likewise simulate the essential features of

Conventional finite element models for concrete fracture.!® Alternatively, the microstructure’s role
cracking ignore the details of the fracture process, in limiting localization can be realized by embed-
but rather use macroscopic notions of stress vs ding an internal length scale into a continuum
crack opening (discrete models') or stress vs  description.'"!7 Several variant approaches have
crack strain (continuum models?) to describe frac-  been proposed and such enhanced continuum
ture. In both cases, direct tensile strength, the theories may be separated into two classes:'” (1)
shape of the softening relation and fracture energy non-local or gradient continuum theories, and (2)
are important parameters for obtaining accurate  theories which utilize the concept of micropolar
results in fracture-sensitive situations. Since their ~ continua. Models relying on such concepts have
conception these conventional models have been  important advantages over conventional contin-
applied, with reasonable success, to a variety of uum models, which suffer from various deficien-
structural analysis problems. cies (most notably, an inability to describe the
In recent years, there has been growing interest ~ localization process).!5!® Moreover, due to the
i numerically modeling the microbehavior of the macroscopic nature of many of the input para-
fracture process, including estimating fracture meters, enhanced continuum models possess
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attractive features which may be difficult to obtain
using detailed micromechanical descriptions.

In this paper, a nonlocal smeared-crack finite
element procedure!’ is used to simulate tensile
fracture in mortar notched-beam specimens. The
basic concept of a nonlocal continuum is that
stress at a point depends on a spatial average of
strain over a representative volume surrounding
the point.!S The size of this volume has been
related to some characteristic length / of the
micro- (or meso-) structure of the material.

As a consequence of limiting localization, the
nonlocal model gives multi-dimensional repre-
sentations of the FPZ as it travels along the liga-
ment length. Local stress—strain response and the
distributions of damage and energy consumption
within the FPZ are provided; an estimate of the
energies consumed by the microcracking and
bridging processes is also made. These results are
compared with experimental and analytical results
given by other researchers.

The nonlocal model places no direct restriction
on FPZ size or the distribution of damage and,
therefore, has some ability to simulate local
variances in fracture energy, such as those which
occur near the specimen boundaries.?’ Numerical
results presented here, however, show that stand-
ard nonlocal averaging causes excess energy con-
sumption in regions subjected to high strain
gradient. (By ‘standard averaging’, we mean the
characteristic length / is constant over the fracture
domain.) It appears [/ is not strictly a material
parameter, but also depends on the surrounding
stress and strain fields and damage conditions.
Another recent study has come to similar conclu-
sions.?! To promote natural fracture development
and realistic energy consumption near the pre-
notch tip, we reduce / in this vicinity. The ensuing
results correlate much better with experimental
observations. That is, local fracture energy is
smaller near the notch tip and increases until
reaching a constant value through the mid-portion
of the ligament. Such simulation of fracture energy
variance is useful for investigating mechanisms
causing size effect, i.e. the dependence of global
specific fracture energy on specimen size and/or
geometry.

NONLOCAL SMEARED-CRACK MODEL

The nonlocal smeared-crack model'? is outlined
to facilitate later discussions. For the case of plane
stress, the local form of the stress—strain law (in

crack-plane coordinates) is:

1 [ ~v
(511 E E 0 Oy &'
v 1 0 +}0
<£22 = £ £ <022{
2(1+v) ‘
y 0 —1 Yo 0y (1)
L 124 | BE |1 12‘ { J
1 -V W' ]
— 0
Eli-w) E ou
- 1
1 & )™
2(1+v)
0 0 ———— 2
i BE | L012‘ (2)

where E is Young’s modulus, v is Poisson’s ratio,
et is the fracture strain and S is the shear retention
factor for representing aggregate interlocking.
The values o,;, 0,,, 0}, and &,, &,,, ¥, are the
stresses and strains, respectively, with direction 1
being normal to the cracking plane. w represents
the degree of damage and varies from w=0 (no
damage) to w=1 (complete damage). Increasing
w has the effect of increasing material compliance
in the direction normal to the cracking plane.

For a model based on local strain, @ is adjusted
so that stress normal to the cracking plane is
released as shown by Fig. 1(a).

e, <ep w=0
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where ¢, and f, are the strain and stress, respect-
ively, which correspond to crack initiation; ¢, is a
fracture strain associated with virtually zero
crack-normal stress. Parameter a adjusts the
degree of exponental softening; we have set
a= — 5 to approximate the global strain softening
witnessed in direct tension testing.??

Nonlocal damage is defined using the same
relations as in eqn (3) except nonlocal strain £, is
considered instead of local strain &,;. That is,
@=f(&,,), where the overbar is used to indicate
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nonlocal variables; @ then replaces w in eqn (2).
Note that only damage is treated as nonlocal,
while the other state variables remain local in
character.

Referring to Fig. 2, nonlocal strain is defined as
a spatial weighted average of local strains over the
continuum volume:

£ (x)= V}(x) [Va(s—x)<sll(s)>dV ()
where
V,(x)=J a(s—x)dV (5)

a(s—x)=exp[-—(2 S[—X )2} (6)

V is the volume of the entire continuum; ¢ is an
empirical weighting function (given the form of a
2-D normal distribution here); and / is the internal
characteristic length. The pointed brackets ()
denote treating only positive values of a variable
(ie. for &,,<0:(g;)=0). During finite clement
computations, the integrals in eqns (4) and (5) are
evaluated by summing discrete values over the
element sampling points. Boundary conditions are
dealt with approximately by simply deleting
regions outside the continuum from the averaging
process.

TEST SPECIMENS AND FINITE ELEMENT
MODEL

Several series of mortar notched-beam specimens
were tested in a separate study, as reported in Ref.
4. The specimen considered here is representative
of one of the test series, which had dimensions
and boundary conditions as shown in Fig. 3(a).

This test series indicated a fracture energy
&=153 J m~? for cracks advancing through the
center portion of the ligament. Lower case is used
here to differentiate this ‘steady-state’ value from
global specific fracture energy G; as determined
from standard tests.”> The mortar used in the
specimens had a maximum aggregate size d,~ 3
mm. Other pertinent parameters were taken from
direct tension testing of a similar mortar: direct
tensile strength f,=4:5%+0-5 MPa; and Young’s
modulus E=27800 £ 600 MPa.
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Fig. 1. Stress-strain relation normal to crack: (a) exponen-

tial softening model; (b) incremental energy consumption.
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Fig. 2. Damage-representative volume and its relation to
mesh size.

The finite element idealization of the test speci-
men and boundary conditions is shown in Fig.
3(b). Four-node quadrilateral elements composed
of four constant strain triangular (CST) elements
are used. The pre-notch is modeled by a one-
element wide (i.e. 2 mm) gap at midspan. Charac-
teristic length / is set equal to /,= 3d,, considering
representative values given elsewhere.?* Here, /,
represents a constant value used over the whole
domain (Fig. 2) during initial computations. Later
in this paper, / is varied near the notch tip so as to
promote natural fracture development in that
vicinity.
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Fig. 3. Mortar notched-beam specimen: (a) test specimen

dimensions; (b) finite element idealization.

FRACTURE PROCESS CHARACTERIZATION

Local stress-strain relations

Typical stress—strain response within the center
portion of the ligament is shown in Fig. 4(a). As a
consequence of nonlocal averaging, the local
stress—strain relations no longer follow the model
diagram shown in Fig. 1(a). Rather, sampling
points incur varying degrees of damage depending
on their location relative to the center of the
process zone. Points near the center of the zone
continue to load, consume the most energy, and
eventually reach a completely damaged state,
modeling material separation. Points to the sides
unload sooner and consume progressively less
energy with increasing distance from the center of
the zone. Sampling Points 5 and 6 (responses not
plotted) also become damaged and consume
minor amounts of energy.

Due to strain concentration near the notch top,
nonlocal strains computed for Sampling Point 1’
(Fig. 4(b)) are significantly less than the corre-
sponding local strain at the same point. Since non-
local damage w, and consequently stress release
normal to the crack plane, is controlled by non-
local strain, the resulting local stress-strain rela-
tion greatly overestimates strength and energy
capacity (Curve 1'). After crack advance, closing
stresses behind the damage front reduce the
degree of singularity acting at the damage front.
Therefore, the difference between nonlocal and
local strain measures (at yet undamaged sampling
points) decreases over a certain distance from the
notch tip. Thus, damage initiates near f, from
Sampling Point 4’ onward.
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Fig. 4. Local stress—strain response: (a) through midpor-
tion of ligament; (b) near notch tip.

Fracture strain distribution
From eqns (1) and (2) the following expression
can be obtained for fracture strain:

f w oy

“T1-6 E 7)
Figure 5(a) shows the distribution of fracture
strain within the densely meshed region for
computed Stages I-V. The length of each line,
centered at a particular sampling point, indicates
the magnitude of fracture strain at that location;
line orientation indicates crack-plane direction.
To follow fracture strain development at lower
load levels, these results have been normalized at
each load step. A small dot, centered at a parti-
cular sampling point, indicates unloading at that
location.

Fracture strain profiles, given in Fig. 5(b), show
the response at section X~X for each stage. The
width of the FPZ extends over many elements and
fracture strains are initially rather uniformly dis-
tributed. However, with continued loading the
fracture strains near the center of the band con-
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Fig. 5. Local response at section X-X: (a) fracture strain distributions; (b) fracture strain profiles; {c) energy profiles.

tinue to increase, while the sampling points to the
sides show unloading behaviour.

Cedolin er al’® have used laser Moiré inter-
ferometry to obtain high-resolution measurements
of strain variance in the vicinity of the FPZ. Simi-
lar to the behavior shown in Figs 5(a) and 5(b),
strain fields measured experimentally indicate a
broad zone of distributed microcracking which
propagates in front of a discrete crack; unloading
occurs to the sides of the developing crack. Frac-
ture strain development in the numerical model
(Fig. 5(b)) resembles that of corresponding total
strain profiles given in Ref. 3. We would like to
provide careful, quantitative comparisons with
these and other recent experimental results, such
as those obtained using laser moiré interfero-
metry,® holographic interferometry,” and the laser
speckle technique.® Before doing so, however, the
differences between (1) such surface-type mea-
surements, (2) the three-dimensionality of the
actual fracture process® and (3) the results from
two-dimensional analysis models should be better
resolved. It should be emphasized that the nume-
rical results are strongly dependent on the
assumed characteristic length /. Reducing /, while

holding all other inputs constant, has the effect of
reducing the extent and energy absorbing capacity
of the FPZ.

Fracture energy distribution

Using a secant model for unloading (Fig, 1(b)) the
incremental specific energy consumed at a given
sampling point can be approximated using:

| i
A¢=E(011A€t“‘gf Aoyy) (8)

Summing the incremental energies (i.e. Ag times
the appropriate tributary material volume) gives
the energy consumed by the sampling point.
Energy profiles made from the points along sec-
tion X-X are shown in Fig. 5(c). As the fracture
process travels through the section, the energy
profile gradually increases and eventually reaches
a limiting state as the fracture process passes
completely through. Profiles computed at other
sections over the center portion of ligament are
nearly identical in shape and size.

The distribution of energy consumed by frac-
ture is not just of academic interest, but is an
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important characterization of material response
and useful in the engineering of new high-per-
formance cement-based materials.”> Concrete
fracture energy g may be separated into two
components: (1) g; the energy consumed by peri-
pheral microcracking, and (2) g{ the energy con-
sumed by bridging mechanisms, such as frictional
pullout and internal ligament bending, active dur-
ing material separation. Based on experimental
results, Cedolin ez al® estimated the ratio gi/g; to
be about 5%. Nirmalendran and Horii®® deve-
loped an analytical approach which treats microc-
racking and bridging separately; they show that
8:/8; ranges between 1 and 4%, depending on the
length of the bridging zone. Planas e al?” used
elasto-plastic numerical computations to estimate
8i/8; to be about 1-2% for normal size specimens;
they found an upper bound of this ratio to be less
than 5% by analysing steady cohesive crack
growth in an infinite medium. Bolander et al.'¢
used a lattice model to simulate fracture in a series
of concrete specimens. From their results gi/g; is
found to be less than 3%.

While the nonlocal model described in this
paper makes no distinction between the various
mechanisms which underlie fracture, from Figs
4(a) and 5(c) it is clear that most of the fracture
energy is consumed near the center of the FPZ.
Rather than thinking strictly in terms of a crack-
plane, material separation takes place over a finite
width in continuum models. Assuming the
mechanisms leading to material separation occur
over the characteristic length /=3d,, then gi/g; is
about 12%. In light of the above estimates for g;/
&, which range between 1 and 5%, the energy
distribution predicted here appears to be too
gentle. Moreover, some studies®®'* indicate that
the process of material separation occurs over a
smaller width of about 1d,. Further research is
necessary for correlating the numerical results
with these and other aspects of the crack-local
response. In particular, experience with this basic
model suggests that the fundamental mechanisms
composing fracture need better representation in
the numerical formulation.

VARIANCE IN FPZ SIZE AND ENERGY
CONSUMPTION

Experimental observations

Specific fracture energy G; is often regarded as a
constant for purposes of numerical calculation,
yet numerous tests have shown its value varies

with specimen size and geometry.?® This size/
geometry dependence, or ‘size effect’, is caused by
many factors.”>3° When testing bend-type speci-
mens, one such factor is that FPZ size and energy
consumption vary along the ligament length due
to boundary effects.’® That is, the FPZ grows
from the notch tip, reaches a near constant size
over the center portion of the ligament (if the
specimen is sufficiently large) and then becomes
smaller under the influences of increased strain
gradient and confinement when approaching the
compression face of the specimen. There are
related changes in the energy demands for driving
the fracture process as well. For longer ligament
lengths these boundary effects have less influence
on the global specific fracture energy and, thus,
there is a size effect mechanism.

Other experimental results also indicate
dependence of the fracture process on the sur-
rounding stress and strain fields. Bascoul ef al’!
initiated microfracture under a wide range of
strain gradients and found that the density of
stable microcracks is strongly dependent on strain
gradient, higher gradients leading to higher con-
centrations of damage. Mihashi and Nomura!’
used AE measurements to show that the fracture
process grows out from a notch tip in normal con-
crete and they correlated the width of the FPZ
with critical crack opening displacement in ficti-
tious crack models. Slowik and Wittmann?? have
determined that fracture energy depends on strain
gradient, with higher gradients leading to lower
fracture energies.

Reducing characteristic length I near the notch
tip

One of the great advantages of using enhanced
continuum models is that the FPZ is freer to vary
along the ligament length, irrespective of mesh
size and orientation. It follows that local variance
in fracture energy should be accounted for as well.
However, as shown in Fig. 4(b), standard nonlocal
averaging grossly overestimates strength and
energy consumption near the notch tip. It appears
that some of the nonlocal parameters should vary
to account for the changing nature of fracture
under high strain gradients.

To promote proper energy consumption near
the notch tip, the nonlocal averaging process is
modified a priori, as shown in Fig. 6. The charac-
teristic length /, set equal to /, in the preceding
computations, is gradually reduced to a length /*
when approaching the notch tip from any given
radial direction. This has physical meaning since,
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Fig. 6. Reducing characteristic length / near the notch tip:
{(a) 1-D normal distribution; (b) transition region around
notch tip.

near a notch tip, the highly stressed volume where
the FPZ forms and fracture initiates is likely to be
smaller than during subsequent fracture when
closing stresses behind the fracture front reduce
the degree of singularity acting at the front. An
ellipse is used to define the limits within which /s
contracted; the integration point just above the
notch tip coincides with the ellipse’s focal point, as
shown in the figure. The elliptical shape is chosen
merely because of its simplicity and in order to
bias the transition region in the direction of frac-
ture propagation.

Reducing /*, while keeping the transition length
¢t constant, decreases the strength and energy
absorbing capacity of the material surrounding
the notch tip, particularly just above the tip (Fig.
7). For I*=1[_/3 the peak stress is still rather high,
reaching almost 2f,, but this may be reasonable
for a small volume under high strain.®* In the
following analyses, where modified averaging is
used, /* and ¢ are set to /./3 and [, respectively. Of
course, these values are probably not adequate for
general application (i.e. for situations of differing
geometry, material properties and finite element
idealization). A procedure should be developed
for modifying the characteristic length and/or
other parameters in the nonlocal setting, as the
fracture process evolves during computations.
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Fig. 7. Local stress-strain response just above notch tip
obtained from various averaging schemes.

Simulation of fracture process variance

Figure 8 shows contours of energy consumption
rate obtained by both standard (/*=1/) and
modified (/*=1/3) averaging near the notch tip.
Both planar contours (normalized within each
load step) and perspective view contours {energy
per unit displacement at the load point) are given.
Load stages correspond to prescribed displace-
ment values, as indicated in Fig. 9. Results from
standard averaging show an excess amount of
energy being consumed near the notch tip; this
not only inhibits natural process zone formation,
but also causes the global load-deflection
response to be too strong. On the other hand,
modified averaging promotes natural process
zone formation. That is, after peak load the pro-
cess zone detaches from the notch tip and there-
after becomes nearly constant in size. Despite
these differences near the notch tip, both ap-
proaches give essentially the same results for frac-
ture over the mid-portion of the ligament. Figures
4(a) and 5 represent the results of both appro-
aches equally well.

Reducing / near the notch tip also improves the
quantitative simulation of energy consumption
during crack propagation. Figure 10(a) compares
the numerical results obtained from modified
averaging with test series data. Each ® mark
represents the results for one test specimen, as
described in Ref. 4, and the dashed hine indicates a
sort of best fit to these data points. The damage
front associated with @=0-99 is used to define
effective crack length in the numerical model (Fig.
10(b)). Energy consumption in the numerical
model is computed by summing the individual
sampling point energies. Energy consumption rate
g{mn) could be calculated from the slope of the
results given in Fig. 10(a), where 7 is the distance
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Fig. 9. Reactive force vs controlled displacement.

from the notch tip along the ligament length. The
numerical results agree well with the experimental
data, particularly with respect to: (1) initial energy
consumption prior to crack formation, (2) lower
energy consumption rate just after crack forma-
tion, and (3) nearly constant energy consumption
rate over the ligament mid-length. Effective crack
lengths defined by the traction free condition
@=1-00 provide results similar to those shown in
Fig. 10(a), except the energy values are increased

Modified Averaging

Smoothed energy consumption rate.

by about 0-015 J. Results from the standard aver-
aging procedure have not been plotted in Fig.
10(a) due to difficulties in defining the numerical
crack. When using standard averaging, the FPZ
does not detach from the notch tip until late in the
loading history (near stage E, shown in Fig. 8).
Accordingly, roughly 50% of the total fracture
energy is consumed prior to effective crack initia-
tion.

The variable g{#) determined in the above
manner directly relates energy consumption to
crack advance. However, when fracture does not
proceed in a steady-state manner, it is not clear
how to differentiate the energy necessary for
crack advance and the energy associated with
changes in the process zone itself. There is also
the question of how to define a numerical crack.
For investigating the conditions near the notch tip,

where these concerns are particularly relevant, it
is instructive to define:

—_ 00

gf(n)=J ¢(n,&)d& (9)

where ¢(n, &) is the spatial distribution of energy
consumption per unit volume projected on the
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Fig. 10. Energy rate variance obtained from modified
averaging scheme: (a) global energy consumption vs cracked
area; (b) nonlocal damage contours.

n-& plane, & being the direction transverse to
crack advance. During finite element computa-
tions the specific energy attributed to each samp-
ling point is obtained via eqn (8); multiplying these
values by the appropriate tributary volume and
then summing along each transverse row of ele-
ments gives discrete values of g(#) along the liga-
ment length. Figure 11 shows g{#)/g; computed
up through load stage G indicated in Figs 8 and 9.
By this stage, the traction free condition has
extended up to about 7/, = 0-5, where 7, is the
ligament length. Again, standard averaging pro-
vides unacceptable results near the notch tip;
modified averaging provides much more realistic
energy variance in this vicinity. Both standard and
modified averagings give virtually the same results
over the mid-portion of the ligament and match
the experimental value well. This is one of the
main requirements of the model and the value of
& in eqn (3) was adjusted for this purpose. For
1/, > 0-5, the fracture process is still active and
therefore g{#)/g drops off sharply. Unfortu-
nately, there is currently no experimental tech-

3% i T o Standard
| } | averaging
! T « Modified
| i i averaging
. L L .

LT

Fig. 11. Fracture energy variance along ligament length.

nique available to measure the spatial distribution
of energy consumption due to fracture. However,
the variation of fracture energy obtained from
modified averaging, shown in Fig. 11, is quite
similar to experimental findings®* which used
load-displacement measurements to compute
energy consumption and a compliance method to
estimate crack advance.

CONCLUSIONS

Conventional continuum models for concrete
cracking provide almost no meaningful informa-
tion concerning crack-local response. Indeed,
such information should be pursued using micro-
mechanical analyses. By introducing an internal
length scale into a continuum description, how-
ever, the microstructure’s role in limiting localiza-
tion is practically realized. These so-called
enhanced continuum models have received much
attention in recent years. Many important con-
sequences arise from limiting localization, one
being that fracture is freer to develop irrespective
of mesh size and orientation. This opens up new
possibilities for analysing fracture. Here, for
example, a nonlocal smeared-cracking approach!®
is used to investigate the effects of strain gradient
on FPZ size and energy consumption rate.
Though conceptually simple, this nonlocal model
also reproduces many of the essential features of
fracture in cement-based composites, as shown
through comparisons with various experimental
and analytical results. In addition, computed
distributions of damage and fracture energy are
used to clarify some basic issues concerning the
nonlocal modeling of fracture in such materials.
The findings presented in this paper include:

(1) A broad zone of damage forms in front of a
developing crack. Damage is initially rather
uniformly distributed and then localizes



144

J. Bolander Jr, H. Hikosaka

into a much narrower band modeling an
actual crack; unloading occurs to the sides
of the developing crack.

Local stress—strain response does not
follow the prescribed stress—strain diagram
and varies depending upon sampling point
location within the FPZ. While the numeri-
cal model makes no distinction between the
various mechanisms which underlie frac-
ture, we can infer that peripheral ‘micro-
cracking’ consumes relatively little energy
compared to the mechanisms involved in
material separation.

FPZ size and energy consumption rate are
nearly constant over the central portion of
the ligament (away from the boundary
effects). This steady-state energy consump-
tion rate can be tuned to match experi-
mental results well.

FPZ size and energy consumption rate vary
near the notch tip due to the influences of
strain gradient on the fracture process.
Moreover, it appears that characteristic
length /is not strictly a material parameter,
as previously believed, but also depends on
the surrounding stress and strain fields and
damage conditions. To promote natural
fracture development near the notch tip,
we have reduced !/ in this vicinity. This
variance of / was set prior to computation;
different materials, geometries, or finite
element idealizations would require differ-
ent settings. For general application, a
procedure is necessary for modifying the
characteristic length (and/or other para-
meters in the nonlocal setting) as the frac-
ture process evolves during computations.
By accounting for local variances in frac-
ture energy, the nonlocal model is useful
for studying mechanisms causing the
dependence of specific fracture energy on
specimen size and/or geometry.

Simplicity and reliance on macroscopic
parameters are attractive features when
simulating the global response (e.g. steady-
state energy consumption rate) is a primary
concern. However, shortcomings of this
basic model become apparent when inves-
tigating the results for crack-local response.
Along with the need to address the three-
dimensionality of the material and fracture
process, this formulation should be deve-
loped to better represent the fundamental
mechanisms composing fracture.
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